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INTRODUCTION 


The  glass  transition  temperature,  Tg,  of  a  thermosetting  system  is 
observed  to  be  higher  than  the  temoerature  of  cure,  Tcure,  after  prolonged 
isothermal  cure  below  the  system's  maximum  glass  transition  temoerature,  Tg,r 
(1-7).  This  implies  that  the  cure  reactions  proceed  after  Tg  has  risen  to 
Tcure  after  vitrification).  It  is  therefore  important  to  investigate 

the  cure  behavior  after  vitrification.  This  communication  is  concerned  with 
the  relationship  between  Ta,  Tcure  and  time  of  isothermal  cure  for  two  eooxy 
systems  cured  to  beyond  vitrification.  The  conclusions  aooly  to  both  systems. 

Linear  Tg  -  Tcure  relationships  were  obtained  after  cu>*e  at  different 
temperatures  for  fixed  times.  The  temperatures  of  cure  for  *ull  cure  to  occur 
in  the  same  fixed  times  could  be  obtained  by  extraoolation  of  the  aoprooriate 
Ta  -  Tcure  relationships  to  TQ>.  The  time  to  full  cure  versus  Tcure  is  pre¬ 
sented  in  a  t ime-temperature-transformax ion  (TTT)  cure  diagram  together  with 
the  times  to  gelation  and  to  vitrification  (1-7).  An  empirical  Ta  -  Tcure  - 
time  eauation  is  also  develooed.  The  two  epoxy  systems  investigated  were  a 
difunctional  and  a  trifunctional  epoxy  resin  each  cured  with  the  same  tetra- 
functional  aromatic  diamine. 


EXPERIMENTAL 


ftaterials 

The  difunctional  eooxy  was  a  diglycidyl  ether  of  bisphenol  A  (DER  331, 
Dow  Chemical  Co.),  the  tri  funct  lonal  eooxy  was  the  trialycidyl  ether  of 
tris(hydroxy  phenyl ) methane  (XD  7342.00,  Dow  Chemical  Co.),  and  the  curing 
agent  was  trimethylene  glycol  di-p-aminobenzoate  ("TMAB",  Polacure  740M, 
Polaroid  Corp.).  Stoichiometric  formulations  were  preoared  on  the  basis  of 
one  eooxy  grout:'  per  amine  nyarogen. 

Cure,  T  ,  anc  T  Measurements 

.  .9  .  9'  _ 

The  eooxy  resi-  systems  we^e  curea  isothermally  at  different  tem- 
Deratures  in  a  flowing  atmosDhere  of  dry  helium  in  a  torsional  braid  analysis 
( TBA )  chamber  (1).  Each  specimen  was  oreoareo  using  a  mult  if i lamented  heated- 
cleaned  glass  braid  imoregnated  with  a  solution  of  the  reactants  (1  g.  solid '1 
ml  methyl-ethyl  ketone).  Changes  due  to  cure  were  monitored  as  a  function  of 
time  by  measuring  the  frenuenry  (~  i  Hz)  and  decay  of  intermittently  induced 
free  oscillations;  the  times  to  gelation  and  to  vitrification  were  located  by 
maxima  in  the  logarithmic  decrement  plots.  Each  specimen  was  cured  for  a  pre¬ 
selected  time,  which  was  longer  than  the  time  to  vitrification,  at  the  tem¬ 
perature  of  cure,  Tcure.  After  isothermal  cure,  dynamic  mechanical  spectra  (~ 
1  Hz)  of  the  specimens  were  obtained  on  cooling  from  Tcure  t0  _i80°C  and  then 
on  heating,  to  240eC  for  the  DER  331 /TMAB  system  and  to  280eC  for  the  XD/TMAR 
system,  at  a  rate  of  1.5°C/min.  Spectra  were  then  obtained  on  subseouent 
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3. 

cooling.  The  glass  transition  temoerature,  Tg,  was  identified  by  the  tem¬ 
perature  of  the  Drincipal  maximum  in  the  logarithmic  decrement  Dlot  during  the 
heating  scan.  The  maximum  glass  transition  temoerature,  Tg^,  was  identified 
as  the  glass  transition  temperature  during  the  subseauent  cooling  scan  (from 
240°C  for  DER  331/TMAB  and  from  280°C  for  XD/TMAB). 

The  data  for  Tg^,  versus  Tcure  for  different  cure  times  were  compared 
(not  shown).  A  small  increase  in  Tg^  with  increasing  temperature  of  isothermal 
cure  for  DER  331/TMAB  was  observed.  This  behavior  is  attributed  to  the  cure 
not  being  completed  by  heating  to  and  cooling  from  240°C  after  the  isothermal 
cures.  The  Tg^,  data  for  the  XD/TMAB  system  followed  a  trend  in  which  the 
higher  values  of  Tg^  were  obtained  with  high  cure  temperatures  for  short  cure 
times,  low  cure  temperatures  for  long  cure  times,  and  intermediate  cure  tem¬ 
peratures  for  intermediate  cure  times.  This  behavior  could  be  attributed  to 
the  competition  between  cure  (which  increases  Tg)  and  thermal  degradation 
(which  decreases  Tg)  at  the  high  temperatures  which  are  necessary  for  curing 
this  high  Tg,,,  system.  Average  values  of  Tg(X,  were  used  for  the  calculations  in 
this  paper:  168°C  for  the  OER  331/TMAB  system  (range  166  to  1708C),  and  268°C 
for  the  XD/TMAB  system  (range  261  to  278°C). 


RESULTS  AND  DISCUSSION 


The  data  for  Tg  vs.  Tcure  for  the  DER  331/TMAB  and  XD/TMAB  systems  for 
different  times  of  isothermal  cure  are  given  in  Tables  1  and  2,  and  are 
plotted  as  TQ  vs.  Tcure  in  Figures  1  and  2.  A  set  of  approximately  parallel 


’ines  was  obtained  for  each  system.  Each  line  reoresents  a  lines  rela¬ 
tionship  between  T0  ana  Tcurfc  for  the  same  cure  time  (which  was  longer  tnan 
the  time  to  vitrification).  Therefore 

Tg  =  A  +  B  Tcure  ( 1 ) 

where  A  depends  on,  and  B  is  independent  of,  the  cure  time.  The  values  of  A 
and  B  for  different  cure  times  for  the  DER  331/TMAB  and  XD/TMAB  systems  are 
presented  in  Tables  III  anc  IV.  The  average  values  of  B  are  0.98  and  1.24  for 
the  DER  331/TMAB  system  and  the  XD/TMAB  system,  respectively  (ratio  =  0.79). 
Also,  the  apparent  activation  energies,  AE,  for  full  cure  are  71.6  and  92.7 
kcal  'mol  for  the  DER  331  'TMAB  and  the  XD/TMAB  systems,  resoectively  (ratio  = 
0.78)  (see  later,  Table  7).  It  is  oossiple  therefore  that  the  slooe ,  B,  is 
related  to  the  activation  energy  and  hence  to  the  reaction  mechanism.  Since 
the  cure  reaction  for  the  XD/TMAB  system  has  the  higher  activation  energy 
after  vitrification,  the  effect  of  increasing  Tcure  or.  (which  increases 
with  the  extent  of  cure)  is  greater  for  the  XD/TMAB  system  than  for  the  DER 
331 /TMAB  system . 

T  vs.  Time  to  Full  Cure 
cure  _  _ _ 

Assuming  that  the  materials  are  fully  cured  when  Tg  reaches  Tg^,,  the 
temperature  for  full  cure  to  occur  in  a  specified  time,  Ta(t),  was  determined 
by  extrapolation  of  the  Tg  -  Tcure  relationship  line  for  the  same  cure  time  to 
Tg,„  using  equation  1.  For  example,  since  for  the  XD/TMAB  system  Tg  =  -2.67  + 
1.20  Tcure  for  the  sixty  minute  cure  time,  then  when  TQ  =  T_  =  268°C,  Tcure  = 


Tx(6Q)  -  2?6°C.  In  other  words,  the  time  to  full  cure  at  the  cure  temDerature 
of  226°C,  tJC(226)'  should  be  60  minutes.  Times  to  full  cure,  t, ,  at  deferent 
cure  temperatures  were  calculated  in  this  manner.  They  are  presented  in  Table 
5. 

For  testing  the  extrapolated  conditions  for  obtaining  full  cure  shown  in 
Table  5,  the  DER  331/TMAB  system  was  cured  at  148°C/1440  min,  146°C/2880  min, 
and  141 #C/8640  min,  and  the  XD/TMAB  system  was  cured  at  211°C/1440  min,  and 
207”C/2880  min.  The  corresponding  values  of  tq  obtained  from  these  cure  con¬ 
ditions  for  the  DER  331/TMAB  system  were  165°C,  166°C,  arid  166°C,  and  for  the 
XD/TMAB  system  were  268”C  and  2656C  (Figures  1  and  2).  They  are  close  to,  but 
in  general  below,  the  average  values  of  T0,v  for  the  DER  331/TMAB  system 
(168eC)  and  for  the  XD/TMAB  system  (268°C). 

If  the  extrapolated  data  for  Tcure  versus  time  to  full  cure  (Table  5) 
are  plotted  as  TC(jre  vs.  log  time  of  cure,  a  new  line  results  which  is 
designated  the  full  cure  line  on  a  Time-Temperature-Transf o^mar ion  (TTT )  cure 
diagram  (Figure  3).  The  gelled  glass  region  in  the  TTT  diagram  is  Givided 
into  two  parts  by  the  full  cure  line.  In  the  absence  of  degradation  (Figure 
3,  devitrification  and  char  formation),  the  too  and  lower  parts  could  be 
designated  fully  cured  gelled  glass  (gel  glass)  and  undercured  gelled  glass 
(sol/gel  glass)  regions,  respectively.  The  TTT  diagrams  wth  the  full  cure 
lines  for  the  DER  331/TMAB  system  and  for  the  XD/TMAB  system  are  shown  in 
Figures  4  and  5,  respectively.  These  lines  appear  to  be  linear,  which  can 
therefore  be  expressed  by 


-f  b  '.on  t  _ 


wne:-e  t  ana  t,  are  the  temperature  anc  tin>e  to  ful1  c^re,  respectively.  The 
■> nterceots  (a)  an.,  slopes  (d)  for  the  two  systems  are  provided  in  Table  6. 

'he  fu11  cure  line  should  be  useful  for  designing  cure  orocesses  which  lead  to 
full  cure.  Selection  of  the  temperature  or  time  of  cure  gives  the  time  or 
temperature,  respectively,  to  full  cure. 

The  data  fo~  tre  evtraoolated  time  to  full  cure  versus  temperature  of 
isothermal  cure  for  the  two  systems  are  plotted  in  an  Arrhenius  manner  as  the 
logarithmic  time  versus  1/T(K)  in  Figure  6,  which  also  includes  corresponding 
data  for  gelation  and  vitrification.  The  activation  energies  for  full  cure 
(afte-  vitrif ication) ,  gelation,  and  vitrification  for  the  DER  331/TMAB  and 
the  XD/TMAB  systems  are  presented  in  Table  7.  That  the  act -'vat  ion  energy  for 
full  cure  is  much  higher  tha-  rf-aT  ‘'or  gelation  is  a  result  of  the  cure  reac¬ 
tions  being  contro1 led  by  physical  relaxations  in  the  glassy  state  (which 
themselves  have  similarly  high  activation  energies). 
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An  eauatiori  relating  T  Tcure  and  time  of  cure  can  be  derived  from 
equations  1  and  ?.  From  equation  1,  with  Tg  =  r  and  Tcure  =  T,  x , 

V  =  A  +  R  T.  (3) 

For  cure  in  the  same  time  period,  subtracting  eouation  1  from  eauation  3 


results  in 


■  curt ■ 
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Subst i tot i ng  fo-  7x  ■>' n  eauation  4  in  tennis  of  time  using  eauation  2  gives 

g.v  _  "^g  -  B(a  +  b  log  tx  —  !cur'£*)  (5) 

where  tv  cou'd  be  any  time,  t. 

Therefore  eauation  5  can  be  rewritten  as 

7e  =  Ta>  -B ( a  +  b  log  t  -  Tcure)  (6) 

e  Tg  of  the  material  cured  at  temoerature  Tcure  for  time  t  can  be  calculated 
using  this  TQ  -  ~cure  -  time  eauation. 

oa-ticula-  eauations  for  the  DER  331  'TMAB  and  the  XO/'KAR  systems 
wv-e  f ormo ' ateo  by  substituting  values  for  TQk ,  B,  a,  ana  fr  m  eauatio--  6  with 
rot  delta  in  Tables  3-6.  For  4  !-e  DER  331  /™A5  system, 

=  '  r: . '  8  log  t  -  0.98  Tcure  -  *n  (7) 

arc  *or  the  XD  ’h'Ar  system, 

Tg  =  14.48,  log  t  +  1.24  T c u r ,2  -  ?o  (8) 

w  t  is  •  n  irnutes,  and  ’cure  and  Tg  are  in  degrees  centigrade. 

but',  systems,  f  e  tq  calculated  (TQ  cal)  by  equations  7  and  8  are  included 
it  '  «•  2  together  with  the  corresDonding  experimental  values  for-  Tq . 

ag’-eeme'-.t  goru. 

-  . ■-  a-  arr  -  ■  -  inv:*e  calculation  of  TQ  from  Tcure  and  cure  time  for  the 
► ,  •.  *  two  Tq  vr>.  Tcur<?  lines  for  two  soecified  cure  times  are 


needed  if  Tg,  is  known.  The  na  a^etei-s  B,  a  ana  h  -n  eaua:  ion  6  cp-  be  derived 
from  these-  two  lines.  ' ;  c  o"ocedurt  is  a  simple  on-  -o-  obi ai nine  rhe  rela¬ 
tionship  between  Tg,  Tcure  ana  time  of  cure. 

Correction  of  Cure  Time 

The  relationship  between  Tg  and  Tcure  for  the  same  isothermal  cure  time 
observed  in  this  work  is  for  cure  behavior  after  vitrification  since  the  cure 
behavior  after  vitrification,  where  the  cure  reaction  proceeds  in  the  glassy 
state,  should  be  different  from  that  before  vi tr i f icat ion  where  the  cure 
reaction  occurs  in  the  liauid  and  rubbery  states.  This  suggests  that  the  time 
of  cure  should  be  measured  from  the  vitrification  time  and  that  the  time  of 
cure  in  this  work  should  be  corrected  by  subtracting  the  vitrification  time. 
For  example,  when  the  DER  331-TMAB  system  was  cured  at  lower  temoeratures ,  the 
data  points  deviated  from  the  st-a:ght  line  (~i  g.r  e  1 )  ,•  presumably  for  shorten 
times  the  data  would  a  1  so  deviate  fror  'inearity.  They  would  be  expected  to 
be  cioser  tc  t  he  %: ra  -V.  -  line  the  times  of  cure  were  corrected.  For  the 
XD/TMAS  system,  the  errors  Wpre  ’ess  because  tne  time  to  v i t r i f i cat i ori  for  the 
XD/TMAB  system  was  shorter  than  for  the  DER  331/TMAB  system.  Similarly, 
correcting  the  time  ot  cure  would  be  exnected  to  reauce  the  difference  between 
the  test  values  of  Tg  and  the  average  value  of  Tga  (Figures  1  and  2).  As  a 
quantitative  example,  a  sample  of  the  DER331/TMAB  system  was  cured  at  165°C 
for  39  minutes  which  according  to  equation  2  should  give  toll  cure.  The 
observed  Tg  of  1l7°C  was  much  lower  than  Tg,*,  (168°C).  However,  the  observed 
Tg  was  167°C  when  cure  at  165°C  was  for-  the  time  to  vitrification  (351  minu¬ 


tes)  blus  39  minutes. 


9. 


CONCLUSIONS 

Analysis  of  the  relationships  between  the  time  and  temperature  of  cure 
for  two  epoxy  systems  has  led  to  the  following  conclusions  for  both  systems. 

1.  A  linear  Ta  -  Tcure  relationship  for  isochronal  cure  was  observed. 

2.  The  cure  temperature  for  full  cure  to  occur  in  a  given  cure  time  car 
be  determined  by  extrapolation  of  the  appropriate  Tg  -  Tcure  line  to  Tg,x,.  A 
plot  of  Tcure  versus  log  time  of  cure  to  full  cure  yields  a  new 

line,  the  full  cure  line,  on  the  time-temoerature-transformation  (TTT)  cure 
diagram. 

3.  The  apparent  activation  energies  for  full  cure,  and  for  gelation  and 
vitrification,  were  obtained  from  their  Arrhenius  relationships.  The  activa¬ 
tion  energy  for  full  cure  is  much  higher  than  those  for  gelation  and  vitrifi¬ 
cation  as  a  conseauence  of  the  cure  reactions  being  controlled  by  physical 
relaxations  in  the  glassy  state. 

4.  An  empirical  Tg  -  Tcure  -time  eauation  for  cure  in  the  vitrified 
state  has  been  developed  which  permits  computation  of  the  glass  transition 
temperature  from  the  temperature  and  time  of  cure. 
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1.  Tc  vs.  Tcu,.e  for  Specified  Times  of  Cure  for  the  DER  331/TMAB  System. 

2.  Tc  vs.  Tcure  for  Specified  times  of  Cure  for  the  XD/TMAB  System. 

3.  Ta  =  A  +  B  TC(Jre:  Value.  A  and  B  for  the  DFR  331/TMAB  System. 

4.  Tg  =  A  +  B  Tcure:  Values  of  A  and  B  for  the  XD/TMAB  System. 

5.  Time  to  Full  Cure  versus  Cure  Temoerature  for  the  DER  331/TMAB 
and  XD/TMAB  Systems. 

6.  Tx  =  a  +  b  log  t  x :  Fu*'1  Cure  Line  Decameters  for  the  DFS  331/TMAB  and 

the  XD/TMAB  Systems. 

7.  Apparent  Activation  Energies  for  the  Isothermal  Transf ormat ions  of  the 
DFR  331  /TMAF.  and  the  XD-TMAB  Systems. 


FIGURE  CAPTION? 


1.  Ta  vs.  Tcure  for  the  DER  331/TMAB  System  for  Preselected  Times  of  Cure 
(Solid  Lines) : 

(V)  720  min,  (■)  1440  min;  (O)  2880  min;  (0)  5760  min;  (A)  8640  min;  (o) 
23040  min.  Extrapolated  values  to  Tgix  of  Tg  vs.  Tcure  (•).  Also: 
experiments’  test  values  of  Tg  (• ,  D  ,  and  A)  from  the  extrapolated  values 
of  Tcure  (see  text).  Also  included  is  the  line  for  the  average  value  of 
Tg ,  ,  and  the  Tg  =  Tcure  line  (which  is  not  for  const*"-!  time). 

2.  Tg  vs.  Tcure  for  the  XD/TMAB  System  for  Preselected  Times  of  Cure 
(Sol  id  Li nes ) : 

(V)  60  min;  (•)  300  min;  (O)  1440  min;  (O)  2880  min;  (A)  5760  min;  (o) 
14440  min.  Extrapolated  values  to  Tg„.  of  Tg  vs.  Tcure  (*).  Also: 
experimental  test  values  of  Ta  (□  andQ)  from  the  extraoolated  values  of 
TCUre  (ser  text).  Also  included  is  the  line  for  the  average  value  of  Tg^, 
and  the  TQ  =  tcure  line  (which  is  not  for  constant  time). 

3.  Schematic  Isothermal  Time-Temperature-Transformat  ion  (TTT)  Cure  Diagram 
Displaying  Temperature  of  Cure,  Tcure,  vs.  Times  to  Gelation, 
Vitrification,  Full  Cure  and  Char  Formation.  The  full  cure  line  (Tg  = 
Tg,x.)  is  constructed  so  as  to  connect  the  ohysically  controlled 
relationship  ip  the  glassy  state  with  the  chemically  controlled  rela¬ 
tionship  above  Tg,x . 

4.  TTT  Cure  Diagram  for  the  DER  331/TMAB  System.-  (•}  Gelation 
(experimental);  (o)  Vitrification  (experimental);  (A)  Full  Cure 


TT~  Cure  Diagram  for  the  XO/TMAB  System:  (•)  Gelation  (experimental!;  (o) 
Vitrification  (experimental);  (A)  Full  Cure  (calculated,  see  text). 

Ln  Time  (min)  vs.  1/T(K)  for  the  D£R  331/TMAB  System:  (V)  Gelation;  (•) 
Vitrification;  (Q)  Full  Cure.  Also  Ln  Time  (min)  vs.  1/T(K)  for  the 
XD/TMAB  System:  (O)  Gelation;  (A)  Vitrification;  (o)  Full  Cure. 

Activation  energies  were  obtained  from  the  regions  of  linear  data  (solid 


for  Specified  Times  of  Cure  for  the  QTR  331/TMAR  System 


TABLE  3.  ~Q  =  A  +  B  Tcu„e:  Values  A  a'-c  3  *or  tr>*-  DE-:  33'.'VAB  System 


JJ_[ rt _ 

7  20_mC 

1440  min 

2880  min 

5760  min 

8640  mjn 

A 

13.40 

21.70 

34.09 

26.49 

30.36 

B* 

1.01 

0.99 

0.92 

1.00 

0.98 

rb 

0.99 

0.99 

1.00 

1.00 

1 .00 

35.50 

0.98 

1.00 


a  Average  value  of  B  =  0.98 

b  Correction  coefficient 


TABLE  A.  Tq  =  A  +  B  TCure:  Values  of  A  and  B  for  the  XD/TMAS  System 


60  min  30 0  min  1440  min  2880  min  576 0  min 


A 

-2.67 

-2.56 

9.27 

11.01 

15.45 

Bc 

1.20 

1.24 

1.22 

1  .24 

1  .24 

rd 

1  .00 

1  .00 

•  .00 

1  .00 

-  .00 

14400  min 
15.84 
1  .27 
1.00 


c  Average  value  of  B  =  1.24 
d  Correlation  coefficient 


TABI  £  5.  Time  to  Full  Cure  versus  C-”e  ar..;'e  xo 

DER  331  'TMAB  and  XD/TMAB  Systems. 


System 

DER  331 /TMAB 

<  v = 

1 68  0  C  ) 

XD/TMAB  (T 

g-  = 

268°n 

t  o  r 

'cure' 

152  148 

146 

142 

141 

136 

226 

218 

211 

207 

203 

1/TxlOOO,  °K 

2.35  2.38 

2.39 

2.41 

2.42 

2.45 

2.00 

2.04 

2.07 

2.08 

2.10 

t.x ,  min 

720  1440 

2880 

5760 

8640 

23040 

60 

300 

1440 

288C 

5760 

TABLE  6.  Tx  =  a  +  b  log  tx:  Rull  Cure  Line  Parameters  for  the 
DER  331 /TMAB  and  the  XD/TMAB  Systems 


System  Intercept  (a}  Slope  (b) 


Cor-e ‘ at  ion 
Coefficient 


DER  331  /TMAB  181.47 


-10.39 


0.99 


XD/TMAB 


247.1  1 


-11.68 


‘  .00 


TABLE  7.  Apparent  Activation  Energies  fc~  Isothermal  Transformations 
for  DER33VTMAB  and  the  XD/TMAB  Systems 


AE1 

AE1  >2 

AE1 

System 

Gelation 

Vitrification 

ful  1  _Cure 

DER331/TMAB 

13.6 

9.2 

71  .6 

XD  'TMAB 

13. 7 

10.9 

92.7 

1 )  AE  in  kcal/moie. 


2)  AE  for  vi tr if icat ior  determined  *rom  the  linear  region  of 
vi t r i f icat i or  curve  (Pic.  61. 


vs.  Tcure  FOR  DER331/TMAB 


THE  THERMOSETTING  PROCESS: 
TEMPERATURE-TRANSFORMATION  CURE  DIAGRAM 


TTT  DIAGRAM  OF  DER331/TMAB 


DIAGRAM  OF  XD/TMAB 
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Tx  =  a-*blogtx 


wnere  ~t  ana  t x  are  the  temoerature  ana  time  to  fu'M  care,  respectively.  The 
intercepts  (a)  anc  slopes  (b)  for  the  two  systems  are  provided  in  Table  6. 

The  full  cure  line  should  be  useful  for  designing  cure  processes  which  lead  to 
full  cure.  Selection  of  the  temperature  or  time  of  cure  gives  the  time  or 
temoerature,  respectively,  to  full  cure. 

The  data  for  the  extrapolated  time  to  full  cure  versus  temoerature  of 
isothermal  cure  for  the  two  systems  are  plotted  in  an  Arrhenius  manner  as  the 
logarithmic  time  versus  1/T(K)  in  Figure  6,  which  also  includes  corresponding 
data  for  gelation  anc.'  vitrification.  The  activation  energies  for  full  cure 
(after  vitrification),  gelation,  and  vitrif ication  for  the  DER  331./TMAB  and 
the  XP/TMAB  systems  are  presented  in  Table  7.  That  the  act  vat  ion  energy  for 
full  cure  is  much  higher  tha--  -uat  ‘or  gelatior-  is  a  result  of  the  cure  reac¬ 
tions  being  centre1 led  by  physical  relaxations  in  the  glassy  state  (which 
themselves  have  similarly  high  activation  energies). 


T  -  T 
_g  cure 


Time  Eaua~ion 


An  eauation  relating  Tg,  Tcure  and  time  of  cure  can  be  derived  from 
equations  1  and  2.  From  equation  1,  with  Tg  =  TgiX  and  Tcure  =  T„ , 

Tg,,  =  A  +  R  7  x  (3) 

For  cure  in  the  same  time  period,  subtracting  equation  1  from  eauation  3 


results  in 


Tcure  ' 


T  ,  -  7  -  -  B  (  T  - 


Substituting  for  in  eouation  4  in  terms  of 


Tg«.  "  -  B(a  +  b  log  t„  "^cure 


where  tx  could  be  any  time,  t. 

Therefore  equation  5  can  be  rewritten  as 


Ta  =  1  q ,  -B ( a  +  b  log  t  —  "^cure^ 


(4) 

time  using  eauation  2  gives 

(5) 

(6) 


The  Tg  of  the  material  cured  at  temoerature  Tcure  for  time  t  can  be  calculated 
using  this  Tg  -  7cure  -  time  equation. 

The  particular  equation  for  the  DER  331/TMAB  and  the  XD/TMAB  systems 
were  formulated  by  substituting  values  for  Tgv,  B,  a,  and  b  ir  eauation  6  with 
the  data  in  Tables  3-6.  For  the  OFR  33'/TMAB  system, 

Tg  =  10.18  lOC  t  t-  0.98  Tcure  -  10  (7) 

and  for  the  XD/TMAB  system, 

Tg  =  14.48  log  t  +  1.24  Tcu^e  -  36  (8) 

where  t  is  in  minutes,  and  Tcure  and  Tg  are  in  degrees  centigrade. 

For  both  systems, the  Tg  calculated  (Tg  cal)  by  equations  7  and  8  are  included 
in  Tables  1  and  2  together  with  the  corresoonding  experimental  values  for  Tg. 
The  agreement  is  good. 

For  an  approximate  calculation  of  Ta  from  Tcure  and  cure  time  for  the 
epoxy  systems,  only  two  Tg  vs.  Tcure  lines  for  two  specified  cure  times  are 
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